The corrosion behavior at different positions (top and bottom) of the weld nugget zone along the thickness plates in AA6061-T6 aluminum alloys welded by friction stir lap welding, under the conditions of 1000 rpm-60 mm/min and 900 rpm-40 mm/min in a 3.5 wt% NaCl solution, was investigated by Tafel polarization at ambient temperature. The morphology of the nugget zone corroded surfaces was analyzed by scanning electron microscopy together with energy dispersive spectroscopy (SEM-EDS) as well as atomic force microscopy (AFM). It was found that the top half of the nugget zone has a better corrosion resistance than that of the bottom half for both welding conditions. A localized pit dissolution with combined intergranular corrosion are the dominant corrosion types across different positions of the nugget zone for various welding conditions and in the parent alloy.
Introduction
Aluminum alloys are used for diverse applications, including in the automobile and aerospace industries. Thus, the selection of their composition is dictated by their welding behavior as well as applicable welding processes. Among the aluminum alloys, the AA6xxx wrought alloys have become significant due to their versatile application for armor structures, rockets, missile casings, lightweight defense vehicles, cars and marine structures because of their high strength to weight ratio, plasticity, formability and fairly good corrosion resistance. The AA6xxx alloy properties change based on the chemical composition and processing conditions, such as hot working, cold working, annealing, and the aging process 1 . The primary alloying elements, including Mg, Si, Cu, Fe and Mn, play an important role in AA6xxx alloy properties. For instance, the elements Mn and Cr increase the alloy strength (10-15%). Additionally, due to the good corrosion resistance of AA6xxx, these alloys become susceptible to intergranular corrosion and stress corrosion cracking when the content of Cu and Si are increased. Indeed, the addition of Fe without a Fe corrector increases the pitting corrosion tendency 1 . The friction stir welding (FSW) process is an emerging "green" solid-state joining method where, in contrast to fusion welding, the material to be welded does not reach its melting point 2, 3 . Accordingly, the joining of the metal plates is based on a thermo-mechanical action by a nonconsumable welding tool onto the metal plates 2 . In this regard, the FSW process parameters, aluminum alloy chemical composition, and the post weld heat treatment affect the mechanical properties, fracture locations and corrosion behavior for the different types of FSW aluminum alloys [3] [4] [5] . FSW has increasingly been utilized, particularly in situations where solidification cracking, liquation cracking and micro porosity formation need to be avoided 6 . FSW can be especially advantageous for Al alloys, as the process imparts a low heat input and can flexibly join cast, extruded, and rolled materials without requiring a complicated surface preparation or shielding gas protection 7 . According to Mishra and Ma 8 , it is clear that several microstructural zones, e.g., the weld nugget zone (WNZ), the thermo-mechanical affected zone (TMAZ), and the heat affected zone (HAZ), are generated during the FSW process; each of these zones exhibits different microstructural characteristics, including grain size, dislocation density, and residual stress as well as precipitate size and distribution. They also reported that the different microstructural zones will have different corrosion susceptibilities.
For practical applications, it is very important to identify the corrosion behavior of the FSW welds and explain the dominant corrosion mechanisms in the different FSW alloys and various microstructural zones. It should be emphasized that the alloy chemistry, residual microstructures in the FSW welds, and the corrosion media are important factors that can affect FSW aluminum alloy corrosion behavior. In this regard, Astarita et al. 5 evaluated the stress corrosion cracking (SCC) behavior of different aluminum alloys, revealing that the weld zone of all tested joints was susceptible to intergranular corrosion and pitting. The joints tested by SCC showed a greater state of degradation than those tested by simple OC (i.e., unloaded), and in some cases, considerable cross section reductions were evident. Additionally, Proton et al. 9 demonstrated that among the weld zones, the nugget zone was the most interesting area in the FSW welded joint because its corrosion behavior is closely connected to its particular microstructure, created through the combination of high strain rate and temperature. Moreover, Mishra and Ma 8 also reported that as the nugget zone exhibits the highest degree of deformation during the welding process, it is a dynamically recrystallized zone with fine equiaxed grains. It has been reported that the small-recrystallized grains in the nugget zone contain a high density of boundaries, sub-grains, and dislocations. Indeed, with an increase in the rotation speed or the rotation speed/welding speed ratio; the recrystallized grains in the FSW aluminum alloys will generally be increased. It is also evident that when increasing the temperature difference between the top and bottom of the WNZ by increasing the plate thickness, the difference in the nugget zone's grain size will be increased. This evolution could be related to the thermal gradient from the top to the bottom, caused by the presence of the shoulder 10 . It has been demonstrated that during the FSW process, the temperature within the nugget zone increases to 400-550 °C due to the friction between the tool and parent alloy and the plastic deformation around the rotating pin. In this case, all of the intermetallic precipitates formed by high temperature in aluminum alloys can become coarse or dissolve into the aluminum matrix depending on the alloy type and the maximum temperature 8 . Both Nandan et al. 10 and Paglia and Buchheit
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reported that intermetallic precipitates with a homogenous distribution tend to be smaller in the parent alloy than in the nugget zone. However, the number of large precipitates in the nugget zone was considerably less than in the parent alloy. This can be attributed to the dissolution and coarsening of the intermetallic precipitates during the FSW process. They also emphasized that because of the dissolution of the intermetallic particles or the matrix, micro galvanic coupling phenomena may appear on the welded sample surface in a corrosive solution. It should be emphasized that few studies have focused on the corrosion behavior of the weld nugget zone in welded joints of aluminum alloys. Xu et al. 12, 13 investigated pitting corrosion using an alkaline chloride solution at different positions of the weld nugget zone along the thickness plate in FSW 2219-O aluminum alloys, finding that the materials present significant passivation, with the top of the zone having the highest corrosion potential, pitting potential and repassivation potential compared to the bottom or base material. Proton et al. 9 also showed that the nugget of a FSW joint formed from a 2050 Al-Cu-Li alloy was susceptible to both intergranular and intragranular corrosion, with the corrosion behavior related to the microstructural heterogeneities observed on a microscopic scale. Thus, this work is the first report attempting to understand the relationship between the microstructure and the corrosion behavior of a weld nugget zone in FSLW joints of a 6061-T6 aluminum alloy. The goal of this work is to investigate how the changes in the weld nugget zone microstructure affect its corrosion behavior. For the analysis, Tafel polarization measurements, scanning electron microscopy (SEM) and atomic force microscopy (AFM) were used in this investigation.
Experimental Procedure

Materials
The parent alloy was a 6061-T6 wrought aluminum alloy plate with a 5 mm thickness, defined by the B0209-04 ASTM standard 14 . The nominal compositions of the materials used in this study are given in Table 1 .
Welding method
The friction-stir lap welding (FSLW) process and joint design used in this research are depicted in the schematic in Figure 1 . As shown in Figure 1 , the dimensions of each overlapping plate were up to 220 mm in length and 140 mm in width, allowing them to be longitudinally overlap welded parallel to the plate's rolling direction using an automatic CNC machine. The overlap along the linear direction of the plate was 50 mm wide. A welding fixture was designed to tightly clamp the lapped parent alloy to be welded on the worktable. A supporting plate of identical thickness was placed underneath the upper plate to help align and stabilize the plates to be welded. A single FSLW pass was performed along the longitudinal centerline of the overlap. The chosen tool parameters used for welding in this work are given in Table 2 , and the welding conditions are listed in Table 3 . To improve the weld joining, the tool was tilted 3 degrees from the plate's normal direction toward the trailing side of the tool during welding. Additionally, a clockwise rotational direction was chosen.
Structural characterization
After the welding process, the electro spark wireelectrode cutting machine was used to remove sample cross sections from the welded plate's perpendicular to the welding direction for microstructural examination and corrosion studies. As a result, the samples were cut along the welding direction to separate the weld nugget zone (WNZ) from the welded joints. Then, the WNZ was sliced into two zones (top and bottom) along the thickness of the plates, as shown in Figure 1a . The samples were used in the flat configuration after careful preparation by applying Table 1 . Nominal composition of parent alloy used in the welding test (in wt%).
Alloy Si Fe Cu Mn Mg Cr Ti Zn Al
Al6061 0.66 0.3 0.27 0.07 1.0 0.18 0.02 0.05 Balance standard metallographic techniques, including wet grinding (water and SiC abrasive paper with grit numbers of 400, 600, 800, and 1200), followed by polishing with a 1 µm diamond paste, degreasing with acetone, washing with double distilled water, and drying in warm air. Samples were etched by immersion in an etchant solution composed of 5 ml HNO 3 , 3 ml HCl, 2 ml HF, and 100 ml H 2 O. Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and atomic force microscopy (AFM) techniques were used to analyze the microstructures of the samples after the welding process and corrosion tests.
Electrochemical testing
To compare the corrosion behavior of the test samples, Tafel polarization curves were plotted using a PARSTAT 2273 equipped with the Power Suite software according to the ASM standard 15 in a 3.5 wt% aerated NaCl aqueous solution (pH = 5.5) at ambient temperature. Prior to placing the test samples in the open glass vessel containing the test solution for use as a corrosion cell, they were embedded in cold-setting resins in order to expose only a single surface to the test solution, and these were connected electrically with a copper wire after being set in a polyethylene tube. Immediately prior to each experiment, the surface of the sample was dipped in concentrated HNO 3 for 30 s. The electrochemical measurement consisted of a standard three electrode setup with the sample as the working electrode, including both the top and bottom regions of the nugget (0.3 cm 2 ), a saturated calomel electrode SCE (0.242 V vs. SHE) as the reference electrode, and a graphite rod as the counter electrode. The Tafel polarization curves were recorded in the potential range of -0.25 mV to +0.75 mV with respect to the OCP at a scan rate of 1 mVs -1 after allowing a steady-state potential to develop for 30 min. The corrosion potentials (E corr ) and corrosion current densities (I corr ) were calculated using Tafel extrapolation methods. All the experiments in this study were repeated at least twice to ensure reproducibility. Figure 1 depicts the backscattered electron micrographs of the grains and distribution of intermetallic particles at different WNZ positions for FSLW 1 as 1000 rpm-60 mm/min and FSLW 2 as 900 rpm-40 mm/min. The EDS analyses of the intermetallic particles are summarized in Table 3 . Two types of intermetallic particles, including the Fe-rich and the Si-rich particles are observed as transparent and dark particles, respectively. Indeed, for FSW under different values of ω (rpm) and ʋ (mm/min), the temperature and material flow patterns have been studied by numerous researchers. Fratini and Buffa 16 reported that with increasing ω (rpm) and decreasing ʋ (mm/min), the quality of the welding will be enhanced due to the increase in stirring effects. Furthermore, according to Arbegast and Hartley 17 , both the tool rotational speed (ω, rpm) and the welding speed (ʋ, mm/min) display a significant effect on the thermal input and mechanical properties. Ren et al. 18 demonstrated that it is difficult to quantitatively estimate the thermal input (Heat Index, HI) and mechanical properties due to the change in both rotation speed (ω) and welding speed (ʋ). Based on experimental thermal observation, a Heat Index (HI) parameter has been used to represent the thermal input during FSW, which is defined as [19] [20] [21] :
Results and Discussion
Results of the metallographic observation
where ɷ is the tool rotational speed (rpm) and ʋ is the welding speed (mm/min). It is clear that both increasing ω and decreasing ʋ (increasing the (ω 2 /ʋ) ratio) result in an increase in the FSW Heat Index. Accordingly, and based on the principles of grain growth, the grain size of the structure is increased at faster ʋ (Figure 1 ). According to Table 2 , the HI in the FSLW 2 is higher than that in the FSLW 1; thus, the average grain size in the WNZ of FSLW 1 is smaller than that of FSLW 2, resulting in FSLW1 having a finer grain structure than FSLW 2. Furthermore, the quantity of the coarse intermetallic particles and their distributions are promoted with the increased Heat Index (HI) in FSLW 2 rather than FSLW 1 (Figure 1 ).
According to Figure 1 , the average grain size in the bottom WNZ half of FSLW 1 and FSLW 2 is slightly larger than that in the top half, showing an indistinct recrystallized structure. It is apparent that, as shown in Figure 1 , the sizes of the intermetallic particles in the bottom halves of the WNZ in FSLW 1 and FSLW 2 are larger than in the top halves, but the distribution of intermetallic particles in the top half of the WNZ is greater than that at the bottom for both welding conditions. This can be attributed to the generation of different heat profiles in the FSLW 1 and FSLW 2, showing microstructure inhomogeneity in the weld nugget zones. Due to the higher pressure on the upper plate, established as the result of friction in the upper plate shoulder rather than the bottom plate, the average grain size in the top half of the nugget was smaller than that in the bottom half for both welding conditions. In addition, Hariri et al. 22 proved that by increasing the (ω 2 /ʋ) ratio, the maximum friction heat generation (i.e., Heat index) in the WNZ increases, generating coarse recrystallized grains in the weld nugget zone. Therefore, the average grain size in the weld nugget zone of FSLW 2 was larger than that of FSLW 1. In this manner, it was also observed that the average grain size in the top half of the WNZ decreased compared to that of the bottom half in the FSLW 2 with respect to the FSLW 1. Furthermore, in the FSLW 1, as a result of the higher rotation speed, excess plastic flow material was created, resulting in turbulence arising in the plastic flow field. Thus, the average grain size decreased in the FSLW 1 rather than in the FSLW 2 for both halves of the weld nugget zones. It is clear that the plastic deformation was reduced along the thickness of plates. Therefore, the intermetallic particles in the top half of the WNZ experience greater mechanical stirring and crushing mechanics, resulting in smaller particles than in the bottom (Figure 1) . Additionally, it can be seen from Figure 1 that for the FSLW 2, the intermetallic particles rich in Fe and Si underwent an abnormal growth because of the localized high temperature, and as a result, they were Investigation of the Nugget Zone Corrosion Behavior in Friction Stir Welded Lap Joints of 6061-T6 Aluminum Alloy separately distributed in the Al matrix on the top and bottom of the weld nugget zone.
Electrochemical behavior
In some of the more complicated multi-pass processes compared to the FSW (e.g., equal channel angular pressing), the influence of texture variation (in addition to the grain size) on corrosion behavior should be considered 22, 23 . However, during FSW, the extensive shear plastic deformation is the primary phenomenon, leading to a dynamic recrystallized fine grain microstructure in the WNZ 8, 24 . Meanwhile, due to the rapid heat transfer and the reduction in plastic deformation along the thickness of the plates, the grain size in the top half of the WNZ is smaller than that in the bottom half for FSLW 1 and FSLW 2 ( Figure 1) .
It is important to note that the intermetallic particles in the top half of the WNZ experienced greater mechanical stirring and crushing mechanics. Accordingly, they have a smaller size than those in the bottom half. Meanwhile, due to the generation of a greater friction heat in the FSLW 2; its intermetallic particle sizes are larger than in FSLW 1 at both the top and bottom halves of the WNZ. Ralston et al. 25 , who evaluated the relationship between the corrosion rate and grain size (G.S.) across a diverse range of metals and suggested the following equation, presented the effect of grain size on the corrosion rate of metallic alloys:
where the constant α is claimed to be a function of the environment and β is a material dependent constant that will change based on the composition or impurity level.
Regarding the above equation, as the grain size (G.S.) increases, there will be a higher corrosion resistance, decreasing the i corr
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. Consequently, the corrosion resistance of the FSLW 1 is higher than that of the FSLW 2 at both the top and bottom halves of the WNZ. Based on Equation 2, by increasing the (ω/ʋ) ratio, the heat index in the WNZ increases, generating the coarse recrystallized grains in the WNZ 8, 22, 25 . In this regard, due to the increasing heat index in the FSLW 2 with respect to the FSLW 1, the grain size in both halves of the WNZ for FSLW 2 is smaller than that of FSLW 1.
Tafel polarization curves of different WNZ locations after immersion for 30 min in the 3.5 wt% NaCl solution for both welding conditions are presented in Figure 2 . It is clear that the Tafel polarization plots for the WNZ are completely unsymmetrical for passive metals. According to the Purbaix diagram of aluminum, aluminum alloys are expected to develop immunity to corrosion by forming a passivation layer in the pH range of 4 to 8.5. The solution used in this research consisted of a 3.5 wt% aqueous NaCl solution at ambient temperature with a pH = 5.5. In these conditions, the aluminum alloy is prone to passive layer formation; however, this behavior was not seen in the various regions of the WNZ. The inability to form a passivation layer is related to the weld microstructure. With closer observation of the polarization curves, it is clear that the anodic branch of the polarization plots for the parent alloy and the different positions of the WNZ are similar to one other, meaning that all have a similar anodic dissolution mechanism. In comparison, the parent alloy and the different positions of the WNZ have an identical cathodic branch, but with different cathodic slopes. In other words, the cathodic branch of the curves (over -900 mV potential) are controlled by the diffusion of oxygen, and beyond a -800 mV potential, the cathodic reactions are controlled by water activation and oxygen reduction. Thus, from the polarization curves taken at the different WNZ positions, it is clear that the corrosion in these areas is controlled by a cathodic reaction because the cathodic Tafel slope is greater than the anodic slope. An increase in the cathodic Tafel slope with respect to the anodic slope can be related to the presence of the intermetallic particles in the Al matrix.
Intermetallic elements are more electrochemically active than the matrix, acting as anodes and undergoing dissolution, while particles nobler than the aluminum matrix act as cathodes. Generally, it is accepted that noble Fe-or Cu-containing intermetallic particles act as cathodes and support oxygen reduction.
Based on the electrochemical reactions of aluminum and its alloys in an aqueous, chloride-containing solution, the cathodic reactions are the reduction of water and of oxygen, shown below 
whereas the oxidation of aluminum occurs at the anode 12, 26 :
It should be noted that reaction (3) can be easily detected by release of hydrogen gas at the electrode surface. However, reaction (4) is not clearly identifiable and is usually controlled by diffusion. Based on the above reactions, it is clear that the reduction of oxygen will occur near the cathodic regions (i.e., intermetallic particles) and the anodic oxidation of aluminum will occur on the Al matrix. When the oxygen was reduced, the concentration of hydroxyl ions (OH -) increases around the intermetallic particles leading to a local increase in pH [26] [27] [28] [29] . Therefore, there is a localized pH increase on the cathodic intermetallic particles caused by dissolution of the passive oxide (passivation) layer. As a result, the Al matrix will then be in contact with the corrosive solution, and the localized corrosion will also cause passivation layer dissolution. The appearance of pitting corrosion can be related to the degree of the reduction reactions occurring on a set of intermetallic particles [26] [27] [28] [29] . 
AlCl 3 dissolves into the solution and hydrolyzes, leaving the bare Al matrix active sites open for a corrosion attack, meaning that the rate of corrosion increases in the presence of Cl - [30] . The amount of corrosion potential and the corrosion current densities are summarized in Table 4 . As the observed corrosion potential values in FSLW 1 and FSLW 2 shifted towards the anodic direction from the bottom half to the top half of the WNZ, it is clear that the corrosion potential of the bottom half of the WNZ for both welding conditions is smaller than that of the top half; thus, the corrosion resistance of the bottom half of the WNZ in FSLW 1 is better than that of FSLW 2. On the other hand, the corrosion resistance of the top half of the WNZ in FSLW 2 is inferior to the top half in FSLW 1. It is obvious that the top half of the WNZ in FSLW 1 has a higher corrosion resistance than the parent alloy, but the corrosion resistance of the top half in FSLW 2 is similar to that of the parent alloy. Additionally, it was observed that the corrosion current density of the WNZ decreased in both FSLW 1 and FSLW 2 as opposed to the parent alloy. The larger corrosion current density causes the parent alloy to become more susceptible to localized corrosion. Thus, the localized corrosion of the bottom half was more severe than that of top half for both FSLW 1 and FSLW 2, whereas the highest current density was observed in the parent alloy. It should be emphasized that the corrosion resistance of the bottom half of the nugget zone for both welding conditions decreased with respect to the top half due to the larger intermetallic particle size and their greater distribution in the weld. Overall, it can be seen in Figure 2 that the WNZ corrosion resistance of both positions was increased in the FSLW 1 rather than in the FSLW 2. Figure 3 presents the curve's polarization resistance variation and corrosion current density for the top and bottom of the WNZ along the nugget zone thickness in the test solution for FSLW 1 and FSLW 2. The polarization resistance reduces when moving from the top half to the bottom half of the WNZ. Additionally, the reduction in the polarization resistance from the top half to the bottom half of the WNZ is the highest for FSLW 2. In contrast, the corrosion current density increased in the bottom half of the WNZ for FSLW 2 with respect to FSLW 1. In this regard, the maximum value in the bottom half, belonging to FSLW 2, was 2.8 µAcm -2 , while the minimum value in the top half, belonging to FSLW 1, was 1.15 µAcm -2 . Accordingly, the polarization resistance increased with a decrease in the corrosion current density in both the top and bottom of the WNZ for FSLW 1 as opposed to FSLW 2. It is clear that the higher corrosion current density in both the top and bottom of the WNZ for FSLW 2 results in a greater susceptibility to corrosion attack. Thus, the corrosion resistance of the bottom half for both FSLW 1 and FSLW 2 is lower than that of the top half. Therefore, the largest pit diameters and density occurs in the bottom WNZ half for FSLW 2. Figure 4 depicts the micro hardness profile variation from the bottom half to the top half of the WNZ along the thickness plates for FSLW 1 and FSLW 2. As seen in Figure 4 , the hardness variation decreases from the bottom half to the top half of the WNZ for both welding conditions. There are obvious fluctuations in the hardness variation for FSLW 2. However, for FSLW 1, the hardness variation does not have any fluctuation, with a gradual decrease in the slope from the bottom half to the top half of the WNZ. It is also clear that the hardness variations in the top half of the WNZ for FSLW 1 are nearly identical, meaning that the distribution of intermetallic particles in the top half of the WNZ for FSLW 1 is greater and more uniform than that of the bottom half. As a result of the hardness variation, the adsorption capacity of the Cl -ions on the top half of the WNZ is less than that of the bottom half. The polarization plot displayed in Figure 2 also confirms this. Figure 5 shows the observation of the corrosion morphology on the parent alloy's surface after Tafel polarization. It can be seen that both a localized pit dissolution and intergranular corrosion were generated on the surface of the parent alloy. Large pits were observed, and the intergranular attack occurred on the pit walls. In fact, the intergranular attack was both intensive and extensive but remained localized around the pit walls. It can be seen in Figure 3 that the bottom half of the WNZ has larger and deeper pits than that of the top half for the FSLW 2 samples. Moreover, it is apparent that the grain boundaries were attacked across the pits in the bottom half of the WNZ, and intergranular corrosion spread from the pit, resulting in relatively narrow grooves in the grain boundaries. This can be attributed to the higher heat input of FSLW 2 during the welding process. The generation of high heat input sensitizes the grain boundaries in the bottom half of the WNZ during the welding process with passing time. In this way, the thermal transients experienced during the FSLW changed the chemistry of the grain boundaries and in regions near the boundary, selectively sensitizing the grain boundary region to varying degrees 31 .
Micro hardness
Observation of the corrosion morphology
Furthermore, across the corroded surface, some corrosion products, including corrosion chimneys, were observed. The majority of them were circular with a central hole in the top half of the WNZ for the FSLW 2 samples (as shown in Figure 6a ). It is believed that each hole beneath a circular corrosion product is a pit. Thus, the pit environment is isolated from the bulk solution by an abundance of aluminum hydroxide corrosion products (AlCl x [OH] 3-x ), becoming acidic and high in chloride concentration 32 . The EDS analysis of the corrosion products is shown in Figure 6c , showing the presence of AlCl 3 in the corrosion products. The presence of this component accelerates the breakdown of the aluminum hydroxide corrosion products 33 . The mud cracking (hydroxide breakdown) 33 is displayed in Figure 6a . Moreover, it is hypothesized that after the pit environment becomes acidic, microscopic tunnels can begin nucleating on the pit walls, followed by the microscopic tunnels penetrating along the grain boundaries in contact with the growing pit (as shown in Figure 6b ). In this regard, Guillaumin and Mankowiski 32 also reported that intergranular corrosion will begin on the pit walls and then will spread from them.
Compared to the top half of the WNZ in the FSLW 2 samples, pitting corrosion was observed to be dominant in the top half of the WNZ in the FSLW 1 samples (as shown in Figure 5 ). The observed pits are significantly ramified, presenting a rough profile on the surface of the sample. This can be attributed to the fact that the top half of the WNZ for FSLW 2 was exposed to high temperatures during the welding process, which modified the variation in the microchemistry and microstructure. In this case, due to the high temperature at the top of the WNZ for FSLW 2, the intermetallic particles experienced an abnormal growth and were distributed separately in the Al matrix 13 . Indeed, in the bottom half of the WNZ for FSLW 1, similar to that for FSLW 2, pitting and intergranular corrosion were encountered together, but the pit size and depth was smaller than those of the FSLW 2 samples. Additionally, the intergranular corrosion across the pits occurred as broad grooves in the grain boundaries, extending from the pits. It should be emphasized that the presence of intergranular corrosion in the different positions of the WNZ for FSLW 1 and FSLW 2 contributed to the dissolution of intermetallic particles and their significant refinement during the friction stir lap welding. Moreover, it is obvious that the pitting corrosion mainly occurred in the vicinity of the iron (Fe) rich intermetallic particles. The EDS analysis of the corroded area confirmed the presence of Fe-rich precipitates in these areas; thus, the galvanic corrosion occurred between the Al matrix and the Fe-rich precipitates.
Figures 7, 8 and 9 display three-dimensional images of the parent alloy sample surface as well as those for the top and bottom halves of the WNZ after the corrosion test. These figures present a good amount of quantitative data related to the corrosion attacks occurring on the sample surfaces. Compared to the parent alloy, the amount of corrosion attacks increased significantly from the top half to the bottom half of the WNZ for both FSLW 1 and FSLW 2, and the intensity of corrosion attacks on the surfaces of the FSLW 2 samples is greater than that of the FSLW 1 samples.
As seen in Figures 8 and 9 , the average surface roughness (Ra) of the top and bottom halves of the WNZ for FSLW 2 is greater than that for FSLW 1. The increase in average surface roughness for the FSLW 2 samples is related to the severe chemical dissolution of the intermetallic particles and the Al matrix. As a result, the susceptibility to corrosion attacks in the bottom halves of the WNZ for both FSLW 1 and FSLW 2 is higher than that at the top halves, as opposed to the parent alloy. 
Conclusions
From this investigation, the following conclusions were obtained:
1. The microstructures at different positions of the WNZ in the FSLW 1 and FSLW 2 samples revealed dynamically recrystallized and fine equiaxed grain structures. The size and distribution of the intermetallic particles, especially the Fe-rich particles, increase from the top half to the bottom half in the WNZ of both FSLW samples. Furthermore, the Ferich particle sizes at different positions of the WNZ of the FSLW 2 samples are larger and wider than those at the top and bottom halves of the WNZ at FSLW 1. This can be attributed to the high temperature exposure of this section of the FSLW 2 sample during the welding process. 2. Intermetallic particles, including those that are Fe rich, become reactive in a 3.5 wt% NaCl solution, and it should be noted that they are suitable sites for pit nucleation and consequently for intergranular corrosion. Indeed, the intergranular corrosion mechanism appears to dissolve the Fe-rich and Si-rich particles in the Al matrix during the welding process, and their distribution along the grain boundary acts as localized cathodes compared to the Al matrix as an anodic area. 3. The parent alloy of 6061-T6 is more susceptible to pitting and intergranular corrosion. The corrosion resistance in the top half of the WNZ for both FSLW 1 and FSLW 2 is better than that of bottom half. 4. Tafel polarization test results indicate that the top half of the WNZ for both FSLW 1 and FSLW 2 has the highest corrosion potential (E corr ), making it effective at resisting corrosion attack, but the bottom halves of the WNZ under both welding conditions have the smallest corrosion potential of all samples.
Finally, these results were be proven by the corrosion attack morphology in the SEM and AFM images, suggesting that the corrosion resistance at different positions in the WNZ for the FSLW 1 samples is greater than for the different positions of the WNZ for the FSLW 2 samples.
